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Abstract
The concept of using mutual charge exchange to create high energy and high power
neutral beams is described. Analytical models to simulate beam neutralization are
derived and solved numerically.
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I. Introduction
The purpose of a neutralizer is to convert an ion beam into a neutral beam. Due
to considerations of efficiency for beam energy greater than 150 keV, negative ions of
H- and D- have been proposed for neutral beam applications. Design considerations
encountered for a neutralizer generally include efficiency, energy range, brightness,
and size. Optimized efficiency, maximum brightness, and compact size are desirable.
Presently three different types of neutralizer are being developed[1]. The conversion
efficiency of a gas neutralizer is about 60 %. For a plasma target neutralizer the
efficiency is around 80 %. Laser photo-detachment neutralizer is probably the most
promising one. The neutralization efficiency can approach nearly 100 %. Unfortu-
nately, suitably powerful lasers and mirrors are still not available for the purpose of
photon neutralization.
The concept of using double charge exchange may offer another method to create
high performance neutral beams. In this study we illustrate some design considera-
tions of the double charge exchange concept.
Mutual charge exchange concept superimposes a positive ion and a negative ion
beams. The mutual neutralization cross sections (H++ H- -* 2 H) were measured
by different groups[2-4] and is shown in Fig. 1. The cross section decreases as the
relative velocity of beams increases. The cross section is ~ 2. x 10-4 cm-2 at ~ 100
eV of barycentric energy and ~ 1. x 10-14 cm-2 at I keV of barycentric energy.
Comparable energy of ion beams is required to get optimum efficiency.
Mutual charge exchange is not the only mechanism to produce neutral atoms when
two different ion beams of the same atom collide each other. At high energies electron
detachment is also possible (H++H- - H++H+ e~ ). This reaction has been found
insignificant at energies below 300 eV[4].
Analytical models are established in this paper and solved numerically. The dis-
cussion is concerned the evaluation of neutralizer design concept using superimposed
ion beams.
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II. Computational Models
In order to get the optimum efficiency, same ion densities have been assumed. We
start analyzing the mutual neutralization phenomenon with a one dimensional model.
Later a more detail analysis will be performed.
2.1 One dimensional analysis
Suppose that two ion streams of H+ and H- are moving at the same speed in
the same direction and the ion density is uniformly distributed at each plane (1-
dimensional model). The decrease in the ion density is given by
- dN = a N N3 d.- (1)
and
-dN=aN1 N 2 d (2)
respectively. Since N, = N2, the solution for both equations is
N(x) N  (3)1 + Noo'
where No is the initial ion density.
2.2 Two dimensional analysis
Consider now beam shapes of the diagram shown in Fig. 2, in which the ion
beams are focused in the vertical direction at the same point with an existing beam
divergence. The beam attenuation is given by
fN1 dy . - N1 dy 1.+d.= (J a N N2 dy) dx (4)
which leads to the following equation
3
dx- (NA) = o N1 N2 A, (5)
where A stands for the cross section area at each plane. Thus, rewriting the above
equation and assuming N, = N2 , we get a nonlinear first order differential equation.
dN N 2  NdA
-- N A- - (6)
To compute the cross section area, A, the beam boundary is approximated by a
hyperbolic profile given as (see Fig. 2).
Y2 2
_ = 1. (7)b2 a2
The beam divergence is 6. Then, b = I tan6 ~ 16, where I is the distance between
the beam entrance and the focusing point. Assuming the beam radius at the entrance
is rl, we have
2 
-d (8)r1 2 -c'
where d = 2b. Thus knowing a and b, the cross section area can be obtained by
A(z) = beam width x y(x) (9)
Equation (8) is solved using a Runge Kutta method numerically.
III. Numerical Results
Consider ion beams initially from a window of 20cm x 20 cm. For a beam not being
focused, one dimensional analysis is used to analyze the ion-ion mutual neutralization.
The beam is assumed 10 MW and 300 keV. Thus current density is ~ 8.3 x 102 A/m 2
and the initial charge density is 6.84 x 10" m-1. If energy spread is - 1 eV, the
cross section is ~ 1. x 10-13 cm 2. It is found from Fig. 3 that the conversion efficiency
is only about 35 % for beams travelling 80 m.
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The beam divergence is - 1.8 mrad when energy spread is around 1 eV. The
calculated result is shown in the Fig. 4, in which the efficiency is ~ 40%. For the
application of fusion devices a compact design is desirable. If we assume that the
neutralizer length is 6 m (Fig. 5), the efficiency becomes only ~ 14 % and is too low
for fusion applications.
In order to have a higher conversion efficiency, it is necessary to increase the ion
density. Consider a pulsed, 1 MeV, 1000 Amp ion beam (assuming a pulsed ion beam
source). The ion density is about 1.1 x 1016 M-3 . For energy spread - 1 eV and the
divergence - 1 mrad, Fig. 6 shows that the ion density is decreased about an order
of magnitude after 80 m and the efficiency is > 90 %.
IV. Conclusion
Ion-ion mutual neutralization is a new concept to design a neutralizer. The design
of a neutralizer for neutral beam applications requires several considerations including
the size, the brightness, the energy range, and the efficiency. Efficiency undoubtedly
is the most important consideration. In order to achieve optimum efficiency, high
ion density and high double charge exchange cross section are necessary. High power
can increase the density. Lower beam energy may increase the density but also pro-
vides larger divergence which will decrease the efficiency. Very low energy spread is
required. The neutralizer length is another crucial parameter. For fusion devices mu-
tual neutralization is not attractive because compact design is impossible. However
the concept of superimposing high energy, high brightness, and low energy spread ion
beams may be attractive for other applications.
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Figure 1: Ion-ion mutual neutralization cross sections versus barycentric energy for
H+ + H-. Ref.[2]
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Figure 2: An illustrative diagram of beam bounday. A hyperbolic function is used to
approximate the beam shape.
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Figure 3: Results from the one-dimensional analysis for 10 MW, 300KeV beams
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Figure 4: Results for 10 MW, 300KeV beams from the 2-D analysis. The distance to
perform neutralization is 80m.
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Figure 5: A compact design for 10 MW, 300KeV beams has been assumed (2-D
analysis). The distance to perform neutralization is 6m.
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Figure 6: An illustrative plot shows the attenuation of high energy, high brightness,
and low energy spread ion beams in the neutralizer.
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